Introduction 1
The IPCC (2007) announced that the anthropogenic CO 2 that has accumulated in the 2 atmosphere since the Industrial Revolution is responsible for the enhanced greenhouse effect. 3 The ocean is the ultimate mobile carbon storage reservoir in the Earth system. The surface 4 ocean absorbs atmospheric CO 2 by means of both physical and biogeochemical processes. In 5 the oceanic carbonate system, the dissolved carbon is transported to the deep ocean by the 6 oceanic carbon pumps and eventually sequestrated in deep-sea sediments. Sabine et al. (2004) 7 reported that about one-third of the CO 2 from the total anthropogenic CO 2 Ocean carbon uptake is commonly described as a variety of carbon pumps, which operate by 13 thermodynamics (e.g., temperature effects on the solubility of CO 2 ), physical transport (e.g., 14
mixing and advection of water masses carrying various forms of carbon), sinking of soft -15 tissue (e.g., carbon uptake/release and export by phytoplankton during 16 photosynthesis/respiration), and sinking of carbonate shells (e.g., formation and dissolution of 17 
where t is year. Among the results, the c 5 value which means annual trend for fCO 2 sea was estimated to be 2.7 27 µatm yr -1 and that for the fCO 2 atm was 1.8 µatm yr -1 . 28
6
The secular vaiation of  fCO 2 is shown in Fig. 4a . Although the fCO 2 sea and fCO 2 atm varies 1 with time, the secular variation of fCO 2 can be insignificant on the variation of  fCO 2 , 2 since  fCO 2 was calculated with fCO 2 values in the seawater and in the atmosphere at the 3 same time. We can hardly find the long-term trend of  fCO 2 . However, the seasonal 4 variation of  fCO 2 shows that seawater is generally undersaturated with respect to the 5 atmosphere with expection in summer (Fig. 4b) as other studies reported (Oh et al., 1999; 6
Choi et al., 2012). Therefore, the UB serves as a sink of atmospheric CO 2 , in general. 7
The sea-air CO 2 In order to estimate the relative magnitude of these effects, the ratio of the thermal effect 13 (effect of temperature change) to the non-thermal effect (effect of biological activity and 14 vertical mixing) was adapted after the method proposed by shown in Figs. 5f and 5g. The fCO 2 therm followed the same pattern as the seasonal SST 27 variation ( Fig. 5a and 5f ). The peak-to-peak amplitudes of the seasonal cycles of SST On the other hand, fCO 2 non-therm reached its highest value during the cold season and its lowest 6 value during the warm season. The peak-to-peak amplitude was 190 µatm, which was smaller 7 than the value from the Ross Sea (260 µatm, Sweeney 2000) but much larger than the value 8 from BATS (115 µatm, Bates 2001). This high fCO 2 non-therm value in winter was due to (1) 9 relatively low biological carbon uptake during the cold season, and (2) stronger vertical 10 mixing that pumps up high-CO 2 subsurface water. The decrease in the fCO 2 non-therm value of 11 more than 100 µatm in spring was attributed to carbon fixation by the spring bloom ( Fig. 5e  12 and 5c). In summer, the value decreased because of weakening of vertical mixing caused by 13 stratification (Fig. 5b and 5e ). (Table 2) . 22
In summary, the contribution of temperature variation to the seasonality of fCO 2 was almost 23 equivalent to the non-thermal effect in the UB. However, the relative contribution varied with 24 the season (Fig. 5h) . Non-thermal effect contributed to the surface fCO 2 (Fig. 3b) . 5
The fCO 2 atm in the UB coincided with pCO 2 at Gosan owing to the shorter turnover time of 6 atmospheric CO 2 than that in the ocean. The trends of increasing pCO 2 at Gosan and fCO 2 in 7 the UB were 1.9 ppmv yr -1 and 1.8 µatm yr -1 , respectively. These values were slightly larger 8 than the global mean 1. Table 3 . The fCO 2 sea in the UB had been increasing 13 gradually at a rate of 2.7 µatm yr -1 , which is in the middle of the increasing rates in the mid-14 latitude of the Northern Hemisphere (Fig. 6) . Generally, the increasing rate in most areas is 15 close to the global average (1.5 µatm yr -1 ; IPCC 2007), but the rate in the middle latitudes of 16 the Northern Hemisphere is higher. We could infer from this result that human activities 17 might influence the rate of increase of CO 2 in surface seawater. 18
As surface water CO 2 has been increasing, the pH of the surface seawater has been decreasing, 19 an effect called ocean acidification. The long-term trend of pH in the UB was estimated based 20 on total alkalinity (TA) data from this study and fCO 2 sea . The pH values were calculated from 21 TA and simulated fCO 2 sea by CO2SYS (Lewis and Wallace, 1998). The carbonate dissociation 22 constants (K 1 and K 2 ) used in these calculations was those of Mehrbach et al. (1973) as refit 23
by Dickson and Millero (1987) . We assumed the TA of surface seawater to be constant at 24 2266 ± 17 μeq kg -1 , the average value of 60 measurements during the study period, because 25 the seasonality and secular trends were not significant. These calculated pH values were in 26 good agreement with the measured ones (Fig. 7b) . As the surface fCO 2 increased, the pH 27 value in the surface seawater of the UB, while fluctuating seasonally, decreased at the rate of 28 0.03 pH units decade -1 since 1995 (Fig. 7) . The pH in the surface ocean decreased by 0.1 pH 29 units between 1750 and 1994, which was noted as an unprecedented decline by Sabine et al.
(2004). 31
To compare fCO 2 increasing trend and pH decreasing trend in the UB with global trend, we 1 also plotted time series of fCO 2 and pH from Station ALOHA data during the same period. 2
Since 1995, the pCO 2 at Station ALOHA has increased at a rate of ~1.6 µatm yr -1 and mixed 3 layer pH has declined by 0.02 pH units per decade (Fig. 7) . IPCC (2007) 
